A structural derivative of quartz with the composition Mg 0.5 AlSiO 4 has been grown from glass and characterized using synchrotron X-ray diffraction (XRD), transmission electron microscopy (TEM), and 29 Si nuclear magnetic resonance (NMR) spectroscopy. Rietveld analysis of the XRD data indicates that the framework of Mg 0.5 AlSiO 4 is isostructural with a-quartz, rather than b-quartz, as is consistent with previous theoretical modeling (Sternitzke and Müller 1991). Al and Si exhibit long-range disorder over the framework tetrahedral sites, indicated by the absence of the superlattice reflections corresponding to the doubling of c relative to that of quartz. Nevertheless, 29 Si NMR measurements show that Al and Si exhibit partial short-range order with an ordering degree of 56%. Electron diffraction reveals superlattice reflections indicative of doubled periodicities along the a-axes. Fourier electron density maps show that Mg occupies channel sites that each are bonded to six O atoms, in contrast to the tetrahedral coordination of Li in the b-quartz-type framework for b-eucryptite, LiAlSiO 4 . Furthermore, the concentrations of Mg in adjacent channels are different, resulting in framework distortions that generate the superstructures along a.
introduction
As one of the densest framework minerals, quartz has a low tolerance for the incorporation of alien cations into its structure. In natural quartz, there exist only trace amounts (mostly at the levels of hundreds of parts per million) of extraneous ions such as Al 3+ , Fe 3+ , and Na + (Keith and Tuttle 1952; Ghiorso et al. 1979; Smith and Steele 1984) (Müller et al. 1988 Paulus et al. 1990; Sternitzke and Müller 1991; Palmer 1994; Xu et al. 1999a Xu et al. , 2000 Heaney 2000 ), results in a series of phases (such as b-eucryptite, LiAlSiO 4 ) that Buerger (1954) classified as "stuffed derivatives of quartz."
Virgilite, Li 0.407 (Si 1.580 Al 0.400 Fe 0.013 P 0.007 )O 4 , which occurs in a peraluminous volcanic glass from Macusani, Peru, is the only reported natural occurrence of a mineral with a stuffed quartz structure (French et al. 1978) . Though rare in nature, stuffed derivatives of quartz are of considerable interest for their industrial applications (Beall 1994; Müller 1995; Roy 1995) . In particular, the so-called LAS (Li 2 O-Al 2 O 3 -SiO 2 ) phases with compositions Li 1-x Al 1-x Si 1+x O 4 , 0 ≤ x < ~0.65, which have the b-quartz structure, exhibit low or even negative coefficients of thermal expansion (CTE) (Xu et al. 2001) . As a result, these phases have served as major components of high-temperature glass-ceramic products used in domestic cookware and in many high-precision machines such as jet engines (Beall 1994; Ramalingam and Reimanis 2012) . To tailor the thermal properties of LAS phases for specific applications, other small cations, mainly Mg 2+ and Zn
2+
, have been used to partially replace Li + (Petzoldt 1967; Beall 1994) . Whereas Zn 0.5-0.5x Al 1-x Si 1+x O 4 , like b-quartz and Li 1-x Al 1-x Si 1+x O 4 (x < ~0.65), exhibits negative CTEs, Mg 0.5-0.5x Al 1-x Si 1+x O 4 exhibits positive CTEs (Schreyer and Schairer 1961; Müller et al. 1988; Sternitzke and Müller 1991) . This behavior implies that the Mgstuffed phases may adopt a different structure from b-quartz. However, detailed structural analyses of the Mg 0.5 AlSiO 4 -SiO 2 series, including the end-member Mg 0.5 AlSiO 4 , are scarce, and their structures remain somewhat unclear.
Although an intermediate composition, MgAl 2 Si 3 O 10 , was studied by single-crystal X-ray diffraction (Schulz 1971; Schulz et al. 1971a Schulz et al. , 1971b , its detailed structure was not solved, largely due to the complexities in superperiodicity caused by Al-Si and Mg ordering. Instead, the authors ignored the weak superlattice reflections and determined the average structure of MgAl 2 Si 3 O 10 based on a b-quartz-type unit cell (Schulz et al. 1971b ). However, computer modeling using the distance least-square (DLS) program demonstrated that this phase has a-quartz-like character in terms of local atomic arrangements, which is presumably responsible for its positive CTEs (Sternitzke and Müller 1991) . Thus the true structure of this phase and those of the Mg 0.5-0.5x Al 1-x Si 1+x O 4 series in general need further study.
To avoid the complex superstructures and to facilitate comparison with the well-known b-eucryptite (LiAlSiO 4 ), we chose Mg 0.5 AlSiO 4 as a model phase. The sample was synthesized by annealing a glass with the same composition. We analyzed the resulting crystalline phase using powder synchrotron X-ray diffraction (XRD), transmission electron microscopy (TEM), and 29 Si nuclear magnetic resonance (NMR) spectroscopy.
eXPerimental metHods

Sample synthesis
The Mg 0.5 AlSiO 4 sample was synthesized from glass as follows. First, stoichiometric amounts of MgCO 3 (Aesar 99.995%), Al 2 O 3 (Aesar 99.99%), and SiO 2 ·nH 2 O (Fisher) powders were well ground and thoroughly mixed in a mortar. The mixture was transferred to a platinum crucible, melted at 1573 K for ~8 h, and then quenched in air to form a transparent glass. Second, the glass was ground into a powder with a particle size of ~10 mm. This powder was then heat-treated at 1173 K for ~7 h in a muffle furnace. The resulting product was a white, wellcrystalline single-phase, as revealed by XRD (see below).
Because the Mg 0.5 AlSiO 4 stuffed-quartz phase is thermodynamically metastable (Strnad 1986) , its crystallization from the Mg 0.5 AlSiO 4 glass required the bracketing of annealing temperatures and times. Higher temperatures and/or longer times resulted in the formation of stable phases, such as cordierite and cristobalite, whereas lower temperatures and/or shorter times yielded samples with poor crystallinity. Our crystallization parameters, 1173 K and ~7 h, were determined after several trial syntheses at other conditions. Syntheses of quartz solid solutions in the MgO-Al 2 O 3 -SiO 2 system by other researchers frequently employed TiO 2 , ZrO 2 , or their mixtures as nucleating agents to facilitate the crystallization (Strnad 1986 ). To prepare a phase-pure Mg 0.5 AlSiO 4 sample for the purpose of detailed structural analysis, we did not use any nucleating agents. Nevertheless, excellent crystallinity of our synthesized Mg 0.5 AlSiO 4 sample was achieved.
Transmission electron microscopy (TEM)
Specimens for the TEM studies were prepared by grinding the synthesized Mg 0.5 AlSiO 4 sample with ethanol in an agate mortar and placing a drop of the suspension on a holey-carbon grid. Selected-area electron diffraction (SAED) and energy-dispersive spectroscopy (EDS) were conducted with a JEOL 2010 microscope equipped with an Oxford-Link ISIS EDS system and operated at 200 keV. Quantitative analyses of EDS spectra were carried out using k-factors obtained from forsterite and anorthite standards.
NMR spectroscopy
The 29 Si magic angle spinning-nuclear magnetic resonance (MAS-NMR) spectrum of Mg 0.5 AlSiO 4 was acquired using a Bruker AVANCE 500 spectrometer equipped with an 11.74 T wide-bore magnet. The 29 Si Larmor frequency was 99.35 MHz. Sample powders were held in a zirconia rotor (with an outside diameter of 4 mm) spinning at 7 kHz. A single pulse of 1 ms (corresponding to a tip angle of 30°) with a recycle delay of 60 s was used for excitation. The chemical shift was externally referenced to the standard tetramethylsilane (TMS).
Powder synchrotron X-ray diffraction and Rietveld analysis
Powder XRD measurements were carried out with a linear position-sensitive detector (PSD) at beamline X7A of the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory (BNL). The wavelength used was 0.700789 Å, as calibrated with a CeO 2 standard. Sample powders were sealed in a silica-glass capillary of 0.02 mm diameter, and to minimize preferred orientation, the capillary was rocked through ±10° during data collection. Data were collected from 7 to 55° 2q in the step-scan mode using step sizes of 0.25° and counting times of 10 s (7-15°), 20 s (15-30°), 40 s (30-45°), and 80 s (45-55°) per step.
The synchrotron XRD data were analyzed by the Rietveld method with the General Structure Analysis System (GSAS) program of Larson and Von Dreele (2000) . The starting parameters for the basic b-and a-quartz-type structures were taken from the studies of MgAl 2 Si 3 O 10 (Schulz et al. 1971b ) and a-SiO 2 ), respectively. As described below, our final refined structure was based on an a-quartz-like superstructure with doubled periodicities along the a-axes. Our refinements proceeded as follows: after the scale factor and four radial distribution function (RDF) background terms (needed to model the background from the capillary glass) had converged, specimen displacement and lattice parameters were added and optimized. Sixteen additional background terms were then added, and the peak profiles were fitted by refining isotropic and anisotropic broadening parameters and a Gaussian particle size coefficient in a pseudo-Voigt function (Thompson et al. 1987; Cox et al. 1988; Finger et al. 1994) . On convergence of the preceding parameters, atomic positions and isotropic temperature factors for Mg, Al/Si, and O were refined. In addition, for our final refinement based on the double-a a-quartz-like superstructure, the site occupancies of Mg were refined.
results and discussion
Sample composition
TEM observation showed that the synthesized Mg 0.5 AlSiO 4 sample is homogeneous and phase pure, as is consistent with the result of synchrotron XRD (see below). EDS analysis revealed the chemical formula to be Mg 0.51 Al 0.97 Si 1.02 O 4 , which can be considered identical to the nominal Mg 0.5 AlSiO 4 .
Framework symmetry
Based on their single-crystal XRD study, Schulz et al. (1971b) treated MgAl 2 Si 3 O 10 , a member of the Mg 0.5-0.5x Al 1-x Si 1+x O 4 series, as a structural analog of b-quartz. However, later theoretical modeling demonstrated that the structure of MgAl 2 Si 3 O 10 has a distinct, a-quartz-like character (Sternitzke and Müller 1991) . More specifically, this phase may be comprised of fine a-quartz Dauphiné twins (space group P3 2 21 or P3 1 21) that are related by a twofold rotation along the c-axis, giving the apparent b-quartz symmetry (P6 2 22 or P6 4 22). Furthermore, like a-quartz, the Mg 0.5-0.5x Al 1-x Si 1+x O 4 phases exhibit positive CTEs, in contrast with the negative CTEs of b-quartz and its derivatives such as b-LiAlSiO 4 . Hence, in our Rietveld analyses of synchrotron XRD data, we employed both the b-and a-quartz framework models.
The results show that the a-quartz framework gave a significantly improved fit to the data; the refinement agreement parameters R wp , R p , and c 2 for the a-quartz model were 4.49%, 3.70% and 3.77, respectively, compared with R wp = 4.87%, R p = 3.96%, and c 2 = 4.43 using the b-quartz model (Table 1 ). This comparison suggests that the true symmetry of Mg 0.5 AlSiO 4 is trigonal with a space group of P3 2 21 or P3 1 21. Moreover, the thermal parameter of O obtained using the b-quartz model (6.8 × 10 -2 Å 2 ) is significantly larger than that obtained using the a-quartz model (5.3 × 10 -2 Å 2 ). This behavior implies that the Mg 0.5 AlSiO 4 structure may be a statistical assembly of small Dauphiné twin domains with an a-quartz type framework, as postulated for the other stuffed-quartz derivatives MgAl 2 Si 3 O 10 , HAlSi 2 O 6 , and Na 0.5 H 0.5 AlSi 2 O 6 ). The obtained unit-cell parameters, atomic coordinates and thermal parameters, together with selected bond lengths and bond angles, are listed in Tables 1, 2 , and 3, respectively. The fitted XRD pattern is plotted in Figure 1 .
Al/Si disorder
In framework aluminosilicates, [AlO 4 ] tetrahedra tend to connect via corner sharing with [SiO 4 ] tetrahedra, rather than other [AlO 4 ] tetrahedra, as the nearest neighbors. In other words, Al-O-Si linkages are energetically more favorable than a combination of Al-O-Al and Si-O-Si-the so-called "Al-avoidance" principle (Loewenstein 1954) . The ordering of Al and Si via "Al-avoidance" has been found operative in numerous minerals such as feldspar (Ribbe 1983 ). In particular, for phases with Si/Al = 1, including b-LiAlSiO 4 , this principle dictates that only Al-O-Si linkages occur in their structures. As a result, the cell parameter c of b-LiAlSiO 4 is doubled relative to that of the prototype b-quartz, as evidenced by the occurrence of superlattice reflections with h,k = even, l = odd (named as c-reflections) (Tscherry et al. 1972; Pillars and Peacor 1973; Guth and Heger 1979; Xu et al. 1999b) .
However, in crystals formed under non-equilibrium conditions such as fast quenching (and, of course, in glasses and melts), the thermodynamically unfavorable Al-Si disorder can occur, due to large kinetic barriers for Al-Si ordering. In fact, disordered phases have been synthesized in several systems, including cordierite (Putnis and Angel 1985) , anorthite (Carpenter 1991; Phillips et al. 1992) , and b-eucryptite (Xu et al. 1999c; Phillips et al. 2000) , by crystallizing the glasses at relatively low temperatures and/or short times. Given the annealing conditions (1173 K for ~7 h) of our Mg 0.5 AlSiO 4 sample, the Al/Si distribution of this phase is likely to be significantly disordered. Figure 2 shows a 29 Si MAS-NMR spectrum of Mg 0.5 AlSiO 4 . Compared with the 29 Si NMR spectra for b-LiAlSiO 4 obtained at similar experimental conditions (Phillips et al. 2000) , this profile is much broader, and the peaks due to different environments of Si are less well-resolved, suggesting a more disordered Al/Si distribution. This behavior is consistent with the absence of long-range Al/Si order, which would produce c-reflections (such as 201) in the synchrotron XRD pattern (Fig. 3) . Nevertheless, the observed profile in Figure 2 can be deconvoluted into peaks centered at -108.5, -103.7, -100.0, -93.9, -86.9, and -78.7 ppm with relative intensities of 7.91%, 8.62%, 16.37%, 45.49%, 20.59%, and 1.02%, respectively (Table 4 ). The fullwidth at half maximum (FWHM) of these peaks are 7.4, 6.0, 6.0, 8.1, 6.0, and 6.8 ppm, respectively. For the deconvolution, Structure model we did not use any constraints on peak positions, intensities and widths. Based on 29 Si NMR chemical shifts of other framework aluminosilicates, we assign the peaks at -108.5, -103.7, -100.0, -93.9, and -86.9 ppm to Si atoms that have zero to four Al in the adjacent framework sites [Si(0Al), Si(1Al), Si(2Al), Si(3Al), and Si(4Al)], respectively. The small peak at -78.7 ppm (1.02% relative intensity) can be assigned to a surface Q3 site, where Si is linked to three Si or Al atoms as the next nearest neighbors.
The degree of Al/Si short-range disorder can be derived from the relative intensities of Si(nAl) peaks. For Mg 0.5 AlSiO 4 , since its Si/Al ratio equals 1, the number of Al-O-Al linkages equals the number of Si-O-Si linkages. The number of Si-O-Si linkages per Si atom (i.e., per two O atoms) (x Si-O-Si ) is calculated as: x Si-O-Si = ¼Σ(4 -n)I n , where I n is the intensity of the peak assigned to Si having n Al atoms as the next nearest neighbors, normalized to a total integrated intensity of unity. The obtained x Si-O-Si value is 0.218 (with the Q3 peak ignored), and thus the number of Al-O-Al linkages per two O atoms (x Al-O-Al ) is also 0.218. This value is smaller than the concentration of Al-O-Al in a statistically random distribution of Al and Si, where x Al-O-Al = 0.5. Since x Al-O-Al = 0 in the fully ordered Al/Si configuration, the degree of Al/Si short-range disorder in Mg 0.5 AlSiO 4 is calculated to be 44% (i.e., the degree of Al/Si order = 56%). Hence, despite a strong thermodynamic driving force for Al/Si ordering, the Mg 0.5 AlSiO 4 phase is significantly disordered due to kinetic hindrance in relation to reaching equilibrium. Determination of the detailed scheme for Al/Si disorder, including the configuration of linkages beyond the next nearest neighbors of Al/Si, would require NMR data (   29   Si, 27 Al, and 18 O) with higher resolution.
Mg order and superstructure
Although Al and Si are largely disordered over the framework sites of Mg 0.5 AlSiO 4 , Mg might exhibit positional ordering in the channels, resulting in superstructures along the a-axes. In fact, several previous XRD measurements of other Al/Si-disordered Mg 0.5-0.5x Al 1-x Si 1+x O 4 phases (such as MgAl 2 Si 3 O 10 ) revealed extensive superlattice reflections, indicating up to several tens of a-superperiodicities relative to the prototype quartz structure (Schulz et al. 1971b ). Close inspection of our synchrotron XRD pattern of Mg 0.5 AlSiO 4 did reveal extra, weak peaks indicative of doubling of the a-dimension compared to that of quartz (Fig.  3) . Following the same terminology used for the superlattice reflections of b-LiAlSiO 4 , which shows doubled periodicities along both the c and a axes, these diffraction peaks are the socalled a-reflections: h,k = odd or h+k = odd; l = odd (Tscherry et al. 1972) . The weak superlattice reflections are more evident in electron diffraction patterns, presumably due to dynamical diffraction. Figure 4 is a SAED pattern of Mg 0.5 AlSiO 4 along [021] , which shows distinct a-reflections such as 100 and 012, confirming the doubling along the a-axes in Mg 0.5 AlSiO 4 .
Since our diffraction experiments, especially electron diffraction, indicate that the cell parameter a of Mg 0.5 AlSiO 4 is doubled with respect to that of quartz, the structural parameters obtained using the prototype quartz unit cell (Tables 1-3) represent those for an average structure. Thus we re-analyzed our synchrotron XRD data in terms of the a-doubled superstructure using the Rietveld method. As expected, the addition of the extra superfigure 2. Observed and simulated 29 Si MAS-NMR spectra of Mg 0.5 AlSiO 4 . The simulated spectrum was obtained by deconvolution of the observed spectrum into components for Si(0Al), Si(1Al), Si(2Al), Si(3Al), Si(4Al), and surface Q3 sites. lattice peaks (though weak) in this refinement improved the fit significantly; the refinement agreement parameters R wp , R p , and c 2 for the superstructure model were 3.87%, 3.37%, and 2.81, respectively, compared with R wp = 4.49%, R p = 3.70%, and c 2 = 3.77 using the prototype a-quartz model. The unit-cell parameters, atomic coordinates and thermal parameters, and selected bond lengths and angles for this superstructure are listed in Tables  1, 5 , and 6, respectively (CIF 1 is available). As is well known, the occurrence of the doubled a-periodicities in b-LiAlSiO 4 is due to Li positional order in the channels parallel to c. More specifically, Li resides over alternating tetrahedral positions along the channels, and further, neighboring channels have different sets of sites occupied by Li. Analogous to b-LiAlSiO 4 , Mg 0.5 AlSiO 4 may contain two types of channels that differ in the distribution and/or concentration of Mg, causing the a-periodicities to double. To reveal the Mg positions in Mg 0.5 AlSiO 4 , we constructed difference electron Fourier (DELF) maps using the a-superstructure model with Mg atoms omitted (Fig. 5) . The DELF syntheses revealed that the Mg atoms are located in octahedral sites with Mg-O distances ranging from 1.79(2) to 2.96(4) Å (Table 6) .
This result contrasts with that of Li, which occupies the tetrahedral channel sites in b-LiAlSiO 4 . On the other hand, an octahedral coordination for Mg is consistent with the Mg bonding environment in MgAl 2 Si 3 O 10 (Schulz et al. 1970b) , and it also agrees with a density functional theory study of Mg 0.5 AlSiO 4 (Lichtenstein et al. 2000) . Moreover, Mg is disordered over all the available sites along the channels. However, the site occupancies of Mg within the neighboring channels are different: 0.263 for the central channel (0, 0) and 0.246 for three side channels (0.5, 0), (0, 0.5), and (0.5, 0.5) (Fig. 5) . This difference, though small, may be coupled with differences in the Al/Si framework distortions around the two types of channels, collectively resulting in the a-doubled superperiodicities of Mg 0.5 AlSiO 4 (Fig. 6) .
Effects of channel cation on the quartz framework
The occupancy of the octahedral channel sites by Mg in Mg 0.5 AlSiO 4 is in striking contrast with that of the tetrahedral sites by Li in LiAlSiO 4 . Apparently, this disparity is responsible for the difference in the type of quartz-like framework: a-quartz for Mg 0.5 AlSiO 4 and b-quartz for LiAlSiO 4 (Table 7) . Figures  7a and 7b show the bonding environments of Li + and Mg 2+ in quartz frameworks of LiAlSiO 4 and Mg 0.5 AlSiO 4 , respectively. For ease of comparison, the structures having disordered Al/Si and Li or Mg configurations are used.
In b-LiAlSiO 4 (Fig. 7a) , each channel [LiO 4 ] tetrahedron shares edges with two of the [Si/AlO 4 ] chain tetrahedra, and the Li cations occur at the same z height as the Al/Si cations in those tetrahedra (Xu et al. 1999c) . The Li cation is equidistant from each of the four coordinating O anions (~2.36 Å). To minimize repulsion between Li and Al/Si, the framework widens along the a-axes, parallel to the (001) plane (Palmer 1994 ), leading to a smaller c/a ratio (1.0424) compared with that of b-quartz (1.0925) ( Table 7) .
Within these quartz channels, the tetrahedral sites alternate with octahedrally coordinated channel sites. In the hexagonal b-quartz framework, the octahedral channel cation is situated at the same z height as two of the coordinating O anions. The bond distance between these two O anions and the octahedral channel cation is very short (~1.85 Å), whereas the remaining four cation-oxygen distances are much longer (>2.3 Å).
It appears that, to accommodate Mg between the two close O atoms, neighboring [Si/AlO 4 ] tetrahedra tilt about the a-axes (Fig. 7b) , resulting in framework transformation from b-to a-quartz. In addition, the occupancy of Mg in an octahedral channel site effectively pushes the two close O atoms apart and attracts the other four O along the c axis, shortening the c dimension. Hence, the c/a ratio of Mg 0.5 AlSiO 4 (1.0195) is significantly smaller than those of LiAlSiO 4 (1.0424) and bquartz (1.0925) ( Table 7) .
As demonstrated in Xu et al. (1999c) , changes in quartz framework dimensions occur not only via tilting of [Si/AlO 4 ] tetrahedra but also by individual tetrahedral deformation. Deviation of a polyhedron from regularity can be evaluated using distortion parameters, including quadratic elongation and bond angle variance (Robinson et al. 1971; Hazen and Finger 1982) . Quadratic elongation, <l>, is defined as
where l 0 is the center-to-vertex distance of a regular polyhedron of the same volume, l i is the distance from the center to the ith vertex (coordinating atoms) of the distorted polyhedron, and n is the coordination number of the central atom. The <l> value for a regular polyhedron is 1, and that for a distorted polyhedron is >1. Bond angle variance, s 2 , is defined as
where q 0 is the ideal bond angle for a regular polyhedron (e.g., 109.5° for a tetrahedron), q i is the ith bond angle, and n is the coordination number. The s 2 value is zero for a regular polyhedron and positive for a distorted polyhedron.
As shown in 
imPlications
Framework aluminosilicates are important phases in natural rocks and in synthetic ceramic/composite materials. Extraframework cations situated in channels and/or cavities may exert significant effects on framework topologies, to the point of inducing "morphotropic" phase transitions that are stimulated by composition rather than temperature or pressure (Heaney 2000) . This study demonstrates the different responses of the quartz framework to the extra-framework occupancy of Mg 2+ and Li + within the channel sites. The presence of Mg 2+ within the octahedral channel site, rather than the tetrahedral site associated with Li + , transforms the structure from b-to a-quartzlike, and this distortion results in dramatically different thermal expansion properties. This information can be used to synthesize stuffed-quartz derivatives with tailored expansion behaviors, and the general properties documented here may be extrapolated to other framework phases.
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